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Abstract: Although Ethiopia has a large potential to develop irrigation, only 5% of the 3.5 million hectares of land 
potentially available has been developed. To examine the underlying causes, this study evaluates the suitability of 
surface water irrigation for the Lake Tana Basin development corridor. Surface water availability and land potentially 
suitable for medium and large-scale irrigation development (200 ha and larger) was considered. Surface water 
potential was examined by considering river discharges. Land suitable for irrigation was determined with a GIS-based 
multi-criteria evaluation (MCE), which considers the interaction of various factors, such as climate, river proximity, 
soil type, land cover, topography/slope and market outlets. The result indicates that nearly 11% of the Lake Tana 
Basin is suitable for surface irrigation. However, by analysing 27 years of river discharge, less than 3% of the potential 
irrigable area (or less than 0.25% of the basin area) could be irrigated consistently by run-of-the river-systems. Thus, 
the irrigation potential in the Lake Tana Basin can only be met by increasing dry season flows (if proven feasible) and 
by supplying water from existing or future reservoirs or by using water directly from Lake Tana.
Media grab: Ethiopia is blessed with extensive land areas suitable for irrigation, but actually irrigated area is limited 
by very low river flows at the end of the dry monsoon phase. Thus, expanding the irrigated area can only be achieved 
by overcoming the low flow constraints by either increasing base flow or by using water stored during the rainy 
monsoon phase in reservoirs or from existing lakes. 
Introduction
Ethiopia has a large potential of water and land resources that could be easily developed for irrigation. Instead, the 
country continues to receive food aid for about 10% of the population who are at risk annually (Makombe et al. 
2007). Ethiopia’s irrigable land is underutilized; only 4 to 5% of the potential 3.35 million hectares has been developed 
(Seleshi et al. 2007). The Government of Ethiopia is committed to solving this paradox through an agriculture-led 
development program that includes irrigation development as one of the strategies. While the Ethiopian highlands are 
contributing more than 80% the Nile flow in Egypt, only a tiny portion of the Nile waters are being used in Ethiopia. 
In the 2010–2015 Plan for Accelerated and Sustained Development to End Poverty (PASDEP), Lake Tana in the upper 
Blue Nile Basin is considered a development corridor for economic growth. To optimize the use of the renewable 
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water resources, comprehensive, reliable and timely information on the agricultural resources is required. Therefore, 
the aim of this study is both to identify potential areas suitable for irrigation using a multi-criteria evaluation (MCE) 
and to quantify the available surface water potential for surface irrigation by analysing past river discharges. 
General objectives
The general objective of this research is to assess the irrigation potential based on river discharge and land suitability 
in the Lake Tana Basin. The specific objectives of this study are:
•	 Quantifying river discharge available for irrigation in the major rivers of Lake Tana Basin and their potential for 
surface irrigation. 
•	 Mapping of areas suitable for irrigation based on a GIS based multi-criteria evaluation by ranking and pairwise 
comparisons. 
•	 Identifying medium- and large-scale areas over 200 ha, those that are suitable for irrigation and areas that can be 
irrigated with existing river discharges. 
Description of study area 
The study is carried out in the Lake Tana Basin, with a total catchment area of around 15,000 km2, of which the lake 
covers around 3000 km2. The lake is located at 12º00’N, 37º15’E in the northwest highlands of Ethiopia (Abeyou 
2009). The elevation of the watershed ranges from 1786 to 4107 masl and the slope ranges from 0 to 167%, with an 
average slope of 47%. The mean annual rainfall (1992−2006) is 1430 mm at Bahir Dar Station, south of the lake and 
1090 mm at Gondar Station north of Lake Tana.
Methodology
Suitable irrigable area determined by land suitability 
Land evaluation involves the execution and interpretation of basic surveys of climate, soils, vegetation and other 
aspects of land in terms of the requirements of alternative forms of land use (FAO 1976 and 1981). Based on GIS 
techniques pioneered in the Abaya–Chamo Basin by Wagesho (2004) and in the Beles subbasin by Hailegebriel (2007), 
this study evaluates land suitability for irrigation by mapping major factors such as climate characteristics like river 
proximity, soil type, land use, topography/slope and market outlets. 
Factor vector maps consisting of the basin’s road network, river network and towns are projected in Universal 
Transverse Mercator (UTM) Zone 37 N. These maps are interpolated by Euclidian distance to determine road, water 
and town proximity. In addition, the daily aggregated long-term average monthly rainfall and potential evaporation data 
are interpolated by Thiessen Polygon method to determine the spatial distribution of the rainfall deficit, by subtracting 
rainfall from the evapotranspiration. The monthly deficits are accumulated to estimate the annual deficit and to 
represent the annual irrigation water requirement. Finally, land use and soil maps of the study area are reclassified to 
four different ranges of suitability groups based on their suitability and FAO soil definition (FAO 2006) and the slope 
map is computed from a 90 m SRTM DEM pixel by pixel. 
Weighting of decision factors are determined based on the importance of each variable in determining the irrigation 
potential and are mainly based on expert knowledge. In this study, two types of weighting approaches are applied: 
the ranking technique and pairwise comparison technique. The ranking involves ordering of decision factors in 
their relative order of importance. (Rossiter et al. 1999). To calculate the weights, the pairwise matrix is prepared 
comparing factors head-to-head using pairwise comparison scale (Saaty 1977). The overall weights of the factor maps 
are then distributed to the suitability classes by equal interval ranges technique. The reclassified and weighted factor 
22 Rainwater management for resilient  livelihoods in Ethiopia 
maps are overlain and a preliminary surface irrigation area suitability map is computed for two different weighting 
scenarios by the Weighted Overlay tool of ArcGIS Spatial Analyst Toolbox. Using Equation 1 the preliminary suitable 
area is mapped. 
          
where S: is the pixel value in the preliminary suitability map, fi : factor map and Wi : weight of the factor map, n : 
number of factors. 
An additional constraint map is prepared for those areas that are defined as permanently not suitable by FAO (1976 
and 1981) framework, are mainly consisting of water bodies, wetlands, urban areas, forest and protected areas. These 
maps are than filtered for identifying large and small-scale continuous areas that are suitable for irrigation. 
Surface water availability 
Information on low-flow is required for the amount water available for surface water irrigation application during 
the dry monsoon phase. The low flows were calculated for the major tributaries (i.e. Gilgel Abay, Gumara, Ribb and 
Megech rivers) with daily averaged discharges for the years 1980–2007. These four rivers contribute more than 93% 
of the total lake inflow (Kebede et al. 2006). The daily discharge data were obtained from the Ethiopian Ministry of 
Water and Energy. Low-flow characteristics were estimated using a flow duration curve and by determining the 90 
percentile available flow and is described as the flow exceeded for 90% (Q90) of the time. The flows were determined 
by ranking all daily discharge (Reilly and Kroll 2003; Saeid et al. 2010). 
Irrigation potential area determined by water availability
The irrigated area was estimated as the quotient of the Q90 (discharges exceed 9 out of 10 years) and the maximum 
crop water requirement during the growing season of the crop. The dominant crops in the Lake Tana basin include 
barley, corn, millet, wheat, sorghum, teff, beans and rice. According to FAO ‘56’ (Richard 1998), the maximum value 
of the crop coefficient for the dominant crop is 1.15 which is for rice. In the calculation of the consumptive use, 
we consider the evaporation of the crop (rice in this case), inefficiencies in irrigation water application and water 
requirements for special application such as land preparation and leaching were taken into account. Irrigation efficiency 
considering all losses was assumed 60% of the total crop water requirement. The crop evaporation is computed using 
Penman-Monteith by multiplying the potential evaporation by 1.15 (crop coefficient of rice at the mid-season) which is 
the maximum value. The total crop water requirement can then be computed as: 
  
where CWR: Crop Water Requirement; ET: Crop Evapotranspiration; ETo: potential evaporation and Kc crop 
coefficient.
Results
Weighting of factors and suitable areas for irrigation
The pairwise matrix was constructed first. It consists of the first eight columns in Table 1. Eight factors are listed 
ranging from soil to slope. The pairwise matrix compares the importance for surface irrigation of each of the factors 
on the left to another factor on the top. Thus, for example in Table 1 ‘river proximity’ is much more important factor 
than land use for determining the suitability of a particular piece of land for irrigation. Hence, we assign the value of 7 
(the highest number but the actual value is arbitrary) at the intersection of the row of ‘river proximity’ and the column 
(1)
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of land use. Conversely, ‘land use’ on the left of the Table 1 is much less important than ‘river proximity’ on the top 
and we assign the reciprocal of 7 (i.e. 1/7) to the intersection of these two factors. In Table 1 we can see that river 
proximity is the most important factor since it has all integer values followed by road proximity that only has one 
value less than 1 in its row and that is in the column with river proximity. The least important factor in considering 
surface water irrigation is land use with all values in the land use row being less than 1. 
Next, the weights were computed by pairwise weighting according to Saaty (1977) and ranking method by Rossiter 
et al. (1999) and as described above. These calculated weights are listed in the last two columns of Table 1 where 
the greater the value, the more important the factor. The sum of each of the last two columns is 100. Both weighting 
approaches ranked the factors in the same order: river proximity was the most important factor followed by 
proximity of the road and slope of the land. Land use as expected was the least important factor. The factors’ weights 
in pairwise comparison have a higher standard deviation than ranking technique (11 and 5 respectively). 
Table 1. Pairwise comparison matrix and weighting by ranking technique
Factors Soil Land 
use
River 
proximity
Urban 
proximity
Road 
proximity
Rain 
deficit
Slope Pairwise 
weighting
Ranking 
weighting
Soil 1 4 1/3 4 ½ 2 1/3 12 15
Land use 1/4 1 1/7 1/2 1/6 1/3 1/5 3 7
River Proximity 3 7 1 6 2 4 2 32 20
Urban Proximity 1/4 2 1/6 1 1/5 1/2 1/4 4 9
Road Proximity 2 6 1/2 5 1 2 2 22 18
Rain deficit 1/2 3 1/4 2 ½ 1 1/3 8 14
Slope 3 5 1/2 4 ½ 3 1 19 17
The weights of each factor in the last two columns of Table 1 are further subdivided into four intervals for each map 
pixel to indicate how favourable the pixel is in determining the irrigation suitability. For example, the ‘river proximity’ 
factor in the pairwise weighting method the pixels closest to the river are given a value of 32. The pixels at greatest 
distance from the river are assigned a value of 32 divided by four or eight. By summing all the modified weights of 
each pixel, a preliminary surface irrigation area suitability map is computed using the Weighted Overlay Tool available 
in ArcGIS Spatial Analyst Toolbox. Subsequently, the non-suitable areas according to FAO are taken into account, 
followed by filtering and thresholding to determine continuous suitable areas for irrigation that are greater than 200 
ha. More detail is given in Worqlul et al. (2013). 
In Table 2 the irrigated areas suitable for irrigation and larger than 200 ha for the pairwise weighting methods are 
shown for each of the major tributary rivers of Lake Tana Basin. These areas are in the same range as Seleshi et al. 
(2007) and capture reasonably the existing irrigation area on the Fogera and Dembia flood plains. For that reason, 
the pairwise weighting is preferred above the ranking weighting technique. The distribution of the suitable areas for 
each basin are shown in Figure 1, where the green colour indicates the areas suitable for irrigation in the Gilgel Abay 
basin, yellow are the areas suitable in the Ribb, light blue for the Gumara and the intermediate blue of the Megech. 
The dark blue colour is the Lake Tana. Table 2 and Figure 1 show that the Gilgel Abay has the largest suitable area 
of 54,900 ha but at the same time, the smallest portion of the total basin (12%) compared to the other basins. Table 
2 also indicates that the highest portion of suitable area of 19% is in the Megech watershed but at the same time has 
the lowest total area. Most of the large and medium scale command areas suitable for irrigation areas are in the Gilgel 
Abay basin (see Figure 1 and Table 2).
Table 2. Spatial distribution of irrigation area suitability of the major tributaries of Lake Tana Basin
Suitable Area 
(ha)
Number of large scale 
command areas (>3000 
ha)
Number of medium scale suitable  
command areas 
(>200 ha and < 3000 ha)
Percentage of 
suitable area
Gilgel Abay 54,894 4 78 12
Ribb 31,780 3 4 16
Gumara 24,805 2 16 14
Megech 19,029 2 8 19
Total 130,508 11 106
24 Rainwater management for resilient  livelihoods in Ethiopia 
 
Figure 1. Surface irrigation potential of Lake Tana indicated by green for the Gilgil Abay yellow for the Ribb, light blue for the Gumara and the intermediate blue of 
the Megech. The red area is that can be irrigated during the dry monsoon phase for 9 out of 10 years and are located in those areas that have the greatest 
irrigation potential. 
Surface water availability
The 90 percentile available flow is determined by making flow-duration curve (FDC). FDC provides the percentage 
of time (duration) of a daily or monthly stream flow is exceeded for the 27 year period from 1980 to 2007 (Vogel 
and Fennessey 1994). The FDC graph of logarithmic daily river flow vs. exceedance frequency is plotted for the major 
tributaries as shown below in Figure 2. The FDC of Megech has steep gradient, which indicates high variability of daily 
flow, with only one per cent of all days for the study period have zero flow. The FDC of Ribb River indicates a distinct 
dry season with steep gradient showing about 5% of all days have zero flow. FDC of Gilgel Abay indicated no distinct 
dry season and it has relatively little variability in stream flow. The Q90 obtained from flow duration curves in Figure 2 
and that is exceeded 9 out of every 10 years are given in Table 3. The Gilgel Abay has the greatest Q90 flows has also 
the largest drainage basin. The Megech has the lowest Q90 and has the smallest suitable area. 
Figure 2. Flow duration curves for the Gilgel Abay, Ribb, Gumara and Megech for 1980 to 2007
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Table 3. Flow duration curves for the major tributary rivers of Lake Tana
Flow exceedance 
probability 
Gilgel Abay 
(m3/s)
Gumara 
(m3/s)
Ribb 
(m3/s)
Megech 
(m3/s)
90% 1.90 0.70 0.12 0.06
Areas suitable for irrigation vs. surface water availability 
To calculate the crop water requirement a potential evaporation rate was calculated by Penman Moenteith approach 
and it ranges from 2.8 mm in June (cold and rainy) to 4.4 mm in April (the warmest and driest month). The total crop 
water requirement computed on monthly basis with Equation 2 ranges from 5.2 mm/day in the rainy season to a 
maximum of 8.1 mm/day. 
The irrigation potential of the 90 percentile available water is computed by dividing the available water by the total 
crop water requirement. The result indicated, November has the maximum irrigation potential of approximately 4100 
ha and April has the minimum potential of 3000 ha. In Figure 2, the irrigation potential of the 90 percentile available 
flow are shown in red and are located in the most desirable places mainly based on distance to the river and access to 
the markets. Figure 1 also indicated the irrigation potential of the available water is very small especially, the irrigation 
potential of the available water in the Ribb and Megech basin is almost insignificant. 
Conclusions and recommendations
In this study, surface water irrigation potential of Lake Tana Basin is mapped based on landscape related factors 
such as proximity to river, slope and soil of the areas that were suitable irrigation projects larger than 200 ha in the 
Lake Tana basin. We found that less than 3% of this potentially irrigable land could actually be irrigated with the 
available flow in the river at the end of the dry monsoon phase. We conclude that the main limitation for surface 
irrigation in the Ethiopian highlands is the available water and not land suitable for irrigation. Future estimates of 
irrigation potential should take into account that run off of the river systems can only be expanded to a limited 
degree and that future expansion should involve building of reservoirs, or sustainable use of groundwater if 
available. 
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